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Objective: To review models for the use of neuropsycholog-
ical testing in the management of sport-related concussion at
various levels of competition.

Background: As we come to understand the natural history
of sport-related concussive brain injury, it is increasingly evident
that significant neurologic risks are associated with this type of
injury. These risks include (1) acute intracranial pathology, (2)
catastrophic brain swelling from second-impact syndrome, and
(3) the potential risk for markedly prolonged recovery or per-
manent cognitive dysfunction associated with multiple concus-
sions.

Description: Neuropsychological testing has proved to be a

sion. In this paper, | describe a systematic model for the imple-
mentation of neuropsychological assessment of athletes at var-
ious levels of competition.

Clinical Advantages: The systematic model was designed
to incorporate state-of-the-art techniques for the detection and
tracking of neurocognitive deficits associated with concussion
into recently formulated guidelines for the medical management
of sport-related concussion. Current applications of the model
are discussed, as well as ongoing studies designed to elaborate
the empirical underpinnings of the model and refine clinical de-
cision making in this area.
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useful tool in the medical management of sport-related concus-

ild traumatic brain injury (concussion) suffered by
M athletes engaged in organized sports has become the

focus of increased attention by medical personnel
engaged in the care of athletes, sport administrative bodies,
the news media, and the players themselves. The growing
number of medical reports and lay press articles devoted to
the topic of sport-related concussion is a testament to the sig-
nificance and complexity of this problem.

Concussion is typically the result of trauma to the head in
contact sports, but it can occur in noncontact sports as well,
usualy as aresult of falls. Concussion can also occur without
a direct blow to the head if sufficient rotational forces are
applied to the brain (eg, a whiplash injury).1 Kelly et al? de-
fined concussion as a ‘“‘trauma-induced alteration in mental
status that may or may not involve loss of consciousness.”
This trauma-induced alteration in mental status can range in
severity from a brief feeling of being dazed after the injury to
an immediate loss of consciousness.

Traumatic brain injury has been recognized as a serious haz-
ard for athletes since at least the turn of the century. President
Theodore Roosevelt’s concern over the 19 athletes who were
killed or paralyzed by football injuries in 1904 led to the for-
mation of the National Collegiate Athletic Association as a
governing body to establish rules for safer competition.3 Al-
though rules have been changed to improve player safety and
protective equipment continues to evolve, concussive brain in-
jury remains common in football. Approximately 63000 in-

cidents per year are estimated to occur in high school football
alone in the United States.*

Football is not the only organized sport that carries a sig-
nificant risk of concussion. Ice hockey has been reported to
have even higher rates of concussion, and soccer has only
slightly less risk.5 Even sports such as field hockey, wrestling,
and lacrosse carry a substantial risk of concussive brain inju-
ry.4 Obviously, there is an inherent risk of physical injury
(including concussion) associated with any sport, and changes
in rules and improvements in equipment can only reduce these
risks to a point. This is where the medica management of
concussion becomes essential. A sophisticated medical man-
agement system for sport-related concussion is important for
3 main reasons.

1. Diagnosis and appropriate management of acute concus-
sion. The appropriate management of the athlete at the
time of the injury includes evaluating the severity of the
concussion and identifying any potential neurosurgical
emergencies (eg, epidural, subdural, or intracerebral hem-
orrhages) that would require immediate intervention. This
initial evaluation and subsequent monitoring are of pri-
mary importance in cases of more severe injury, and the
critical importance of appropriate medical intervention in
such cases is obvious.

2. Prevention of second-impact syndrome. This potentially
fatal syndrome is thought to result from the effects of a
second concussion that occurs while the player is still
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symptomatic from an earlier concussion.26-9 |n second-
impact syndrome, cerebrovascular autoregulation is ap-
parently disrupted, resulting in cerebrovascular congestion
and malignant brain swelling with markedly elevated in-
tracranial pressure. Reports of this syndrome have been
limited thus far to adolescents and young adults, with a
number of documented fatalities. Although controversy
exists regarding the actual mechanism associated with this
syndrome,1° the potential consequences are obviously cat-
astrophic and argue for the development of sensitive tech-
nigues to ensure complete recovery from concussion be-
fore exposing a player to the risk of another injury.1?

3. Monitoring of athletes to prevent prolonged recovery or
permanent disability due to multiple concussions. The nat-
ural history of mild traumatic brain injury remains poorly
understood. To date, virtually no prospective neuropsy-
chological studies of an unselected (ie, non—self-referred)
series of consecutive patients with concussion exist. As a
result, no empirically determined parameters for the ex-
pected rate and degree of recovery from concussions of
varying levels of severity have been established. It has
been hypothesized for a number of years, however, that a
previous history of concussion may result in the slowing
of recovery or less complete recovery (or both) that is
observed in individuals after a first concussion.’? It has
been my experience that young adults typically recover
rapidly and completely after a single concussion with brief
or no associated loss of consciousness. This observation
has also been made by others.® The rate and ultimate
degree of recovery in individuals who have suffered mul-
tiple concussions is less clear but may be slowed or re-
duced, particularly when the concussions are closely
spaced.14

POTENTIAL MECHANISMS AND OUTCOMES OF
PERMANENT DISABILITY FROM MULTIPLE
CONCUSSIVE BRAIN INJURIES

Some evidence, primarily derived from animal studies, sug-
gests that the rotational forces on the brain that appear to be
responsible for producing concussion can result in scattered
axonal injuries resulting from shearing forces.1> In milder cas-
es, these pathologic changes are detectable only at the micro-
scopic level. The rapid and apparently complete neuropsycho-
logical recovery that we typically observe in humans who
have experienced injuries of comparable severity (in terms of
momentum of impact) to these animal models is probably ex-
plicable by the concept of functiona reserve; that is, we can
compensate for mild, traumatically induced neuronal loss as a
result of inherent redundancies in brain structures and systems.
Although a certain degree of functional (ie, synaptic) reorga-
nization may also take place after such injuries, this requires
a longer period of time and, therefore, probably does not con-
tribute to the rapid clinical recovery we typically observe.

Adhering to this theoretical model, each subsequent insult
to the brain, however trivial, resultsin further depletion of this
reserve capacity, eventually limiting the rate and perhaps the
degree to which functional recovery can occur. This depletion
could have 2 potential effects. The first is a direct, permanent
loss of some neurocognitive functions as a result of repeated
trauma. The second is a potentially increased sensitivity to the
effects of normal aging or other disease states on the brain,
for example, the premature expression of such age-related de-

generative conditions as Parkinson disease or Alzheimer dis-
ease.

A prior history of head injury has been reported to be arisk
factor for the diagnosis of Alzheimer disease'61” and Parkin-
son disease.’® This may be due to prior neurona loss from
traumatic brain injury lowering the threshold for the clinical
expression of these disorders. This model is based on the ob-
servation that the neuropathologic changes associated with
each of these disorders are also observed in the brains of nor-
mal older individuals and that neither disease becomes clini-
caly manifest until a certain degree of neuronal loss is
reached. It is also well established that certain domains of
cognitive functioning (eg, memory) decline with normal ag-
ing; it is conceivable that prior neuronal loss due to repeated
head injury could accelerate this normal decline or make it
clinicaly apparent at an earlier age.

Not only do al of these issues demand empirical investi-
gation, they also underscore the need for a program to monitor
the neurocognitive status of the athlete with a history of con-
cussion, to minimize or avoid the possibility of permanent
disability.

THE DEVELOPMENT OF A MODEL FOR THE
MANAGEMENT OF CONCUSSION IN
PROFESSIONAL SPORTS

Only recently have medical guidelines for the management
of sport-related concussion been formulated and published. In
1986, Cantul® published ‘“Guidelines for return to contact
sports after a cerebral concussion.” In 1991, the Colorado
Medical Society?® published Guidelines for the Management
of Concussion in Sports. Recently, the American Academy of
Neurology?! adopted a revised version of these guidelines. Al-
though these guidelines differ dightly in specifics, they each
represent an attempt to develop a standardized approach to the
assessment and clinical management of sport-related concus-
sion. They are largely determined by clinical judgment rather
than empirical evidence and are subject to revision as we learn
more about the natural history of concussion.??

The goa of this paper is to describe the model that my
colleagues and | have developed for the management of sport-
related concussion, with a particular focus on the role of neu-
ropsychological testing. The general model was designed pri-
marily for implementation in contact sports, in which the
incidence of concussion is sufficiently high for each player to
be at a substantial level of risk. Neuropsychological testing is
used within this model to provide us with a sensitive index of
higher-level brain functioning, by measuring functions such as
memory, attention, and speed and flexibility of cognitive pro-
cessing. These specific functions have been demonstrated to
be particularly sensitive to impairment as a result of mild trau-
matic brain injury. In contrast, a variety of other cognitive
domains are much less sensitive to concussion (eg, language,
simple motor functions, and visuospatial abilities), and we
generaly do not include these in brief test batteries designed
for this purpose.

An important point to be made prior to further discussion
of this model is that neuropsychological test data are only one
source of information regarding the effects of a concussion.
Obtaining such data does not preclude the need to carefully
screen for postconcussive symptoms (eg, headache, lighthead-
edness, nausea), directly evaluate neurologic status, and (in
some cases) obtain neuroimaging studies. Abnormalities in
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Table 1. Baseline Neurocognitive Battery*

Test

Description

Hopkins Verbal Learning Test
Trail-Making Test Part B

Letter-Number Sequencing Task

Stroop Color Word Test
Controlled Oral Word Association Test
WAIS-3 Digit Symbol Testf

Hopkins Verbal Learning Test, Delayed Free Recall
Hopkins Verbal Learning Test, Delayed Recognition

A memory test in which players are read a list of 12 words for imme-
diate recall. Four learning trials are given.

An attentional task requiring rapid visual processing and working
memory.

A working memory task, with increasing levels of difficulty. Players are
given a random string of letters and numbers and have to sort them
out mentally and recite them in order.

An attentional test that requires speeded processing as well as re-
sponse inhibition.

A verbal fluency test that requires the subject to rapidly retrieve words
starting with a particular letter.

A coding test requiring rapid sensorimotor and processing speed and
memory.

Delayed free recall of the 12-word list learned earlier.

Delayed recognition testing of the 12-word list learned earlier.

*We use 3 alternate forms of this battery to minimize practice effects. Total time required for the battery is 20 to 25 minutes.

TWAIS indicates Wechsler Adult Intelligence Scale.

any one of these domains can be taken as evidence of residual
effects from a concussion. Performing normally on neuropsy-
chological examination does not necessarily rule out the pos-
sibility that a player may be otherwise symptomatic or have
neurologic abnormalities or exhibit direct evidence of brain
trauma on magnetic resonance imaging.

Neuropsychological testing is, however, clearly one of the
most sensitive techniques for detecting abnormal brain func-
tioning after concussion, and as such, it plays an important
role in the medical management of sport-related concussion.
There are three basic types of neuropsychological test batteries
used in the management of sport-related concussion. These
include the sideline examination, the baseline neurocognitive
examination, and the comprehensive neuropsychological ex-
amination.

LEVELS OF NEUROPSYCHOLOGICAL
ASSESSMENT

The Sideline Examination

There is arole for brief neurocognitive testing in the side-
line evaluation of athletes shortly postconcussion. All of the
guidelines for the management of sport-related concussion rely
on the assessment of cognitive status immediately postcon-
cussion in distinguishing between grade 1 and grade 2 con-
cussions, and this assessment determines whether an athlete
returns to play in the ongoing game. The most widely used
and best validated instrument for this purpose is the Standard-
ized Assessment of Concussion (SAC).2324 The SAC consists
of a 30-point scale that measures orientation, attention, and
anterograde memory. It was designed for use by athletic train-
ers, coaches, and sideline medical personnel and takes ap-
proximately 5 minutes to administer. The SAC is a very brief
scale constructed for the sole purpose of detecting and quan-
tifying the acute neurocognitive effects of concussion. The
sideline examination consists of a brief neurologic screening
with the SAC and exertiona maneuvers designed to raise in-
tracranial pressure in a controlled fashion.

The Baseline Neurocognitive Examination

The baseline examination consists of a somewhat more de-
tailed and difficult set of neurocognitive tests, typically lasting

20 to 30 minutes. Tests are targeted at those neurocognitive
functions most sensitive to impairment from concussion
(memory, attention, and speed and flexibility of cognitive pro-
cessing). This type of battery was originally developed to be
administered to professional football and hockey players be-
fore the start of preseason training. This procedure, as the
name implies, is done to obtain baseline neurocognitive data
on all players, so that potentialy subtle changes in neurocog-
nitive status postconcussion can be detected. The need for in-
dividual baseline examinations arises from the recognition that
substantial interindividual differences exist in preinjury cog-
nitive functions such as memory and attention and that subtle
deficits in a particular individual might be overlooked because
of these differences. Baseline neurocognitive testing is also
being conducted with greater frequency at the collegiate level,
although the constituent subtests vary from site to site. A num-
ber of ongoing projects are designed to transfer baseline test-
ing to a fully computerized test platform, but these are cur-
rently in a development phase and still lack sufficient clinical
validity to support their implementation on a wide scale.

Our baseline battery of tests (Table 1) was modeled on a
battery that was originally composed by Lovell and Collins?®
for this purpose in their work with the Pittsburgh Steelers. We
have refined this battery to take advantage of newer tests, as
well as to eliminate constituent subtests that were found to
lack sensitivity to concussion. We constructed 3 alternate
forms of this battery (A, B, and C) to minimize practice effects
on repeated testing. Our battery requires approximately 20
minutes to complete.

The Comprehensive Neuropsychological
Examination

A standard clinical neuropsychological examination consists
of comprehensive testing of multiple neurocognitive domains
(eg, motor, attention, memory, language, visuospatial func-
tions, executive and problem-solving functions) and assess-
ment of psychological and emotional functioning. This typi-
cally requires 3 to 6 hours of testing for an adult. When the
referring concern is traumatic brain injury, this type of ex-
amination is usually reserved for patients in whom there is
some question of permanent impairment. In most cases of
sport-related concussion, we expect complete recovery, and
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therefore, this type of examination is unnecessary. There are
cases, however, in which an athlete has suffered multiple con-
cussions or has had the baseline examination repeated to the
point that the results are difficult to interpret. In those athletes,
a comprehensive neuropsychological examination can be very
informative with respect to quantifying impairment and in-
forming decision making.

MANAGEMENT MODELS FOR HIGH SCHOOL,
COLLEGIATE, AND PROFESSIONAL COMPETITION

The resources available to athletic trainers at various levels
of competition are obviously markedly different, as are the
consequences for withholding a player from return to play. At
the National Football League or National Hockey League lev-
el, a decision to keep a key player from returning to play for
one or more games could potentially result in tremendous fi-
nancial losses for the team. Conversely, sending a player back
too quickly could result in a second concussion, which might
require a much more protracted recovery and potential loss of
the player for the entire season. At the high school level, the
conseguences of this decision-making process are not as mo-
mentous, and it may be somewhat easier to adopt a conser-
vative management approach. In terms of resources, profes-
sional teams aso have the resources to retain experienced
neurologists and neuropsychologists to manage athletes with
concussive brain injuries in consultation with team physicians
and athletic trainers. Collegiate teams are typically less well
equipped for such purposes (although there are some excep-
tions), and high schools cannot be expected to adopt such a
model. As aresult, it is appropriate to design different models
for high school, collegiate, and professional sport settings.

In the models detailed (Tables 2 through 4), the American
Academy of Neurology guidelines?! for the management of
concussion in sports are used to grade concussion level and
determine return to play. Although no data suggest that one
set of guidelines is inherently superior to another for this pur-
pose, the American Academy of Neurology guidelines have
the most objective criteria for differentiating between a grade
1 and grade 2 concussion (provided that aformal sideline eval-
uation, such as the SAC, is conducted). Differentiating a grade
1 from agrade 2 concussion is important because this provides
an objective and standardized measure of the appropriateness
of alowing a player to return to an ongoing game. With the
use of the SAC, this differentiation can be made objectively.
The models below are suggested as guidelines for implement-
ing the various levels of neuropsychological testing (sideline,
baseline, and comprehensive evaluations).

The Model for High School-Level Concussion
Management

At the high school level, obtaining baseline neuropsycho-
logical testing is probably unredlistic from a practical stand-
point, at least until well-validated computerized batteries are
available. The need to obtain baseline scores on the SAC is
also debatable. While this practice may slightly improve the
sensitivity and specificity of the SAC,26 a reasonable aterna-
tive would be to set a fairly conservative cut-off level for
impairment. For example, in our total sample of 91 concussed
and 1189 normal high school and collegiate athletes, an SAC
score of 25 or less as a cut-off for impairment correctly iden-
tified 80% of the injured players and misidentified fewer than

30% of the normal players. This is a reasonably conservative
approach that would seem to be appropriate for the high school
level (Table 2). A concussion symptom checklist?> can also be
useful to monitor postconcussive symptoms in a standardized
way over time.

The Model for Collegiate-Level Concussion
Management

Many collegiate athletic programs use a brief neurocogni-
tive battery such as the one detailed in Table 1 to obtain base-
line measures of participants in sports with a high risk for
concussion. The consequences of removing key players from
competition are more significant at the collegiate level than at
the high school level, which also argues for a somewhat more
sophisticated approach to concussion management. Most larg-
er schools have graduate-level psychology training programs
with faculty and students who can serve as a resource for
facilitating baseline testing. The suggested collegiate-level
model is detailed in Table 3.

The Model for Professional-Level Concussion
Management

Currently, al National Hockey League and most National
Football League players undergo baseline neurocognitive test-
ing as part of concussion management programs. All of these
teams can easily obtain quality neurologic and neuropsycho-
logical consultation to help athletic trainers and team physi-
cians with decision making regarding return-to-play status for
players who have experienced concussions. Our program with
the Chicago Bears was the first (to our knowledge) to involve
baseline testing of an entire professional sports team, and this
program has been ongoing for several years. The suggested
professional-level model is detailed in Table 4.

Overdl, the 3 models differ only with respect to the extent
to which baseline testing is implemented in the preseason pe-
riod and during the follow-up management. Obviously, these
are guidelines and not practice standards. Individual athletic
trainers, team physicians, and consulting neurol ogists and neu-
ropsychologists may elect to deviate from these guidelines
based on the circumstances of a particular case and their clin-
ical judgment. Athletic trainers are likely to be the individuals
who are responsible for coordinating the preseason, sideline,
and postconcussion management protocols, and they should
use these models as a starting point to determine the most
appropriate protocol for their teams.

CURRENT LIMITATIONS TO THE USE OF
NEUROPSYCHOLOGICAL TESTING

Although neurocognitive testing clearly has a role in the
management of sport-related concussion, some factors limit
the utility of this approach in detecting subtle impairments of
brain function after concussion. These factors primarily in-
volve the baseline examination, rather than the sideline ex-
amination or full-scale neuropsychological assessment. Side-
line examinations have limitations due to time constraints and
availability of personnel for administration of the examination;
however, the SAC has proven utility in identifying neurocog-
nitive impairments in players who are otherwise asymptom-
atic. Full-scale neuropsychological assessments are detailed
clinical tools that should be used only for situations in which
a player exhibits long-standing symptoms.
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The baseline battery is arguably the most important tool in
the decision-making process in managing sport-related con-
cussion. The consulting neuropsychologist is usualy called on
to make a recommendation based solely on the results of this
battery. In a typical scenario, the data from a postconcussive
examination are compared with the data from a player’s pre-
season (or earlier) baseline testing and reviewed for evidence
of significant decline that would indicate that the player is till
experiencing the effects of the concussion. This comparison is
complicated by the following facts:

1. A certain degree of measurement error is associated with
all psychological tests, such that scores may fluctuate
somewhat on retesting.

2. The degree of this error term varies in magnitude depend-
ing on the nature of the specific test.

3. Practice effects associated with most cognitive tasks result
in some improvement in performance from one test ses-
sion to the next.

4. The magnitude of the practice effect can vary as a func-
tion of the individual test and as a function of the interval
between testings.

The neuropsychologists involved in this interpretive process
must weigh al of these factors in clinical decision making.
Unfortunately, adequate empirical evidence to guide this de-
cision making is currently lacking. Although we are usually
aware of short-term (ie, days or weeks) retest reliability and
practice effects for individual tests, longer-term data (months
or years) are usualy lacking, as are data on the effects of
administering the battery multiple times over a series of weeks
(which is not uncommon). As a result, a neuropsychologist is
often forced to rely more heavily on clinical judgment than
would be ideal in such settings.2” One approach to minimize
this problem is to routinely postpone neurocognitive testing
after a concussion until a player is otherwise completely
asymptomatic. The rationale for this is basic: if a player is
symptomatic, no further documentation of the fact that he or
she has not yet recovered from a concussion is necessary. As
a matter of practice, however, players at the professional level
are routinely tested while still symptomatic. This amost in-
variably leads to one more testing session after the symptoms
have resolved and obviously complicates the interpretation of
the additional test session, which may be requested only a few
days after the first postconcussive examination. Reserving the
neurocognitive testing until players are otherwise asymptom-
atic is an important measure that can be taken to minimize
uncontrolled variance in the test data. Studies establishing the
parameters of test-retest stability and practice effects over time
with baseline?® are another.

FUTURE DIRECTIONS IN THE REFINEMENT OF
THESE MODELS

As indicated previoudly, the empirical underpinnings of the
SAC examination are sufficiently firm to support its imple-
mentation as a standard tool for the sideline evaluation of con-
cussion in a variety of settings. The management guidelines
of our models follow a strategy for which we have moderate
clinical certainty. The use of this type of standardized ap-
proach with objective neurocognitive measurement will enable
the accumulation of evidence for evauation of needed modi-
fications over time. Our ultimate goal is to obtain sufficient

empirical evidence to establish an accepted standard of prac-
tice.

One important route to that goal will be the refinement of
our interpretation of the baseline neurocognitive test battery.
A number of groups are currently researching thisissue. Many
investigators agree that a fully computerized battery may be
the most workable approach. This approach will have the ef-
fect of making test administration and scoring fully objective,
simplifying interpretation, and facilitating the exchange of
baseline data for players as they move through different levels
of competition or from one team to another. It will also sim-
plify the practical aspects of obtaining baseline and follow-up
testing, as a neuropsychologist will not need to be on site for
the testing. Some preliminary data suggest that such an ap-
proach is feasible,28 but the clinical validity studies necessary
to support the implementation of a specific battery are still
lacking. Investigations of test-retest data for different time in-
tervals, clinical validity with injured players, and criterion va-
lidity data for comparison with existing individually admin-
istered batteries will be needed to establish the sensitivity and
validity of any computerized approach.

CONCLUSIONS

A number of publications over the last several years have
focused on the consequences and management of sport-related
concussion. In many ways, the development of various scales,
guidelines, and management models have far outpaced our sci-
entific progress in this area, and we continue to lack an em-
pirical basis for most of our interventions. It is clear, however,
that sport-related concussion has specific, short-term conse-
guences and potentia long-term effects and that neuropsycho-
logical testing has arole in the evaluation and management of
players who suffer such injuries. The management models pre-
sented above are predicated on our current understanding of
the short-term consegquences and recovery from sport-related
concussion and incorporate the most well-validated neuropsy-
chological tools for detecting residual effects of concussion.
The data that continue to accumulate across centers using these
models should advance our understanding of the natural his-
tory of mild traumatic brain injury and thereby more clearly
elucidate the risks involved and the most appropriate inter-
ventions for athletes who sustain concussions at all ages and
levels of competition.
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